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ABSTRACT 

An optical technique for measuring the thickness of thin films has been adapted 
and evaluated for studying the structure of the adhesion of cells to glass in tissue culture. 
This technique, which is termed interference reflection microscopy, has been used to study 
embryonic chick heart fibrob]asts. These findings have been observed: in normal culture 
medium the closest approach of the cell surface to substrate in its adhesions is ca. ]00 A, 
much of the cell surface lying farther away; chemical treatments which bring the cell surface 
to near its charge reversal point reduce the closest approach of adhesions to < 50 A, probably 
to <30 A; chemical treatments which increase surface charge increase the nearest approach 
of cell and substrate in adhesions from ca. 100 A, high osmotic concentration of a non- 
polar substance, i.e. sucrose, does not affect-the distance between cell and substrate in the 
adhesions. In addition, optical evidence indicates that there is no extracel]ular material 
between cell and glass in the adhesions. When cells de-adhere from glass, they appear not 
to leave fragments behind. The adhesive sites in these fibroblasts appear to be confined to 
the edge of the side of the cell facing the substrate and to the pseudopods. The significance 
of this is discussed in relation to the phenomenon of contact inhibition. Evidence is presented 
that the mechanism of cell adhesion does not involve calcium atoms binding cells to substrate 
by combining with earboxyl groups on cell surface, substrate, and with a cement substance. 
Osmium tetroxide fixation results in a final separation of 100 to 200 A between cell and 
substrate: there are reasons for thinking that this fairly close approach to the condition in 
life is produced as an artefact. The results can be accounted for only in terms of the action 
of electrostatic repulsive forces and an attractive force, probably the van der Waals-- 
London forces. Biological arguments suggest that these results are equally applicable for 
ceil-to-cell adhesions. 

I N T R O D U C T I O N  

The  results of electron microscopy of tissues sug- 
gest tha t  a gap 100 to 200 A wide is often found 
between the plasma membranes  of two cells appar-  
ently in contact  and  adhesion. At  present, views 
differ as to the na ture  of this gap. I f  the gap exists 
in life, its properties and  the functions i t  serves 
are of great  interest in relat ion to the question 

of cell adhesion. M a n y  of the theories of adhesion 
so far advanced accept tha t  the gap exists in life, 
and  they are so expressed tha t  they are able to 
account  for its occurrence. However,  cer tain ex- 
periments,  e.g. those of Wilkins, Ottewill,  and  
Bangham (1), can be in terpreted to imply tha t  
the gap is a fixation artefact. I f  this is so, i t  is of 
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considerable interest to confirm their results by 

other means and to examine the mechanism by 
which this artefact arises. In consequence, the 
present work has been directed to discovering 
whether the gap is found in life, if so, what  factors 
are involved in its maintenance, and thus what 
light can be thrown on the problem of cell ad- 
hesion. 

Three main  interpretations of the nature of the 
gap can be made. First, it can be assumed that 
the gap exists in life and is filled with some sub- 
stance which binds cell to cell by chemical bonds. 
Robertson (2), reporting on the consequence of 
treating myelin with hypo- and hypertonic solu- 
tions, expressed the view that the gap is filled 
with a hydrated colloid which helps to bind the 
cells together. Several other theories of cell ad- 
hesion have supported this interpretation. As a 
second interpretation Pethica (3) suggested that 
in life the cells come into contact by their plasma 
membranes so that the gap found in electron 
micrographs either is an artefact or is due to a 
misinterpretation of plasma membrane structure. 
This concept is implied in the discussion of ex- 
periments on the flocculation of sheep polymorph 

"leucocytes given by Wilkins, Ottewill, and Bang- 
ham (1). These authors found that if the surface 
charge of such cells was suppressed with heavy 
metal  ions, then flocculation occurred. Measure- 
ments of the flocculation rate were interpreted 
to mean that the cells came into adhesion, due to 
the flocculation, with no gap between them. It  
was claimed that these cells were alive, and thus 
that adhesion between living ceils occurred with 
no gap between the cell surfaces. If  their inter- 
pretation is correct, the gap found in electron 
micrographs is an artefact. A third point of view 
is that which I have suggested (4, 5), namely, 
that a 100 to 200 A gap is actually found in life 
and that, though intercellular material may be 
present in this gap, it is not present to such a 
degree as to form the main means of cell adhesion. 
In this theory, adhesion is thought to result 
mainly from the interaction of the long-range van 
der Waals--London forces between the cell sur- 

faces and the repulsive forces due to the surface 
charges of the cell, according to the Derjaguin, 

Landau,  Verwey and Overbeek theory of lyopho- 

bic colloid stability (see references 4, 5). At 100 A 
or so beyond a cell surface, the van der Waals-  
London forces are larger than the repulsive 
forces; in consequence, two surfaces are drawn 
together until they are about 100 A apart. There 
are reasons for believing that the adhesion of cell 
to cell does not differ fundamentally from that 
of cell to glass (see 4, 5). 

If  the plasma membrane of a cell growing on 
glass possesses a refractive index which differs 
from that of the film of intercellular medium 
between cell and glass, the distance of separation 
between the cell and glass can be measured by 
optical methods. Hereafter, the thickness of this 
and " t rue"  intercellular gaps will be referred to 
as the gap or interphase thickness. The  theo- 
retical aspects of the optical methods have re- 
cently been re-analysed by Vasicek (6). Van den 
Tempe1 (7) used such a method to measure the 
gap between two apposed oil globules; but such 
methods do not appear to have been used pre- 
viously in biological research. This technique may 
be termed interference reflection microscopy. 
It  is suitable for measuring separations down to 
ca. 50 A (with a clear indication of smaller thick- 
nesses if they occur), and can thus be used to 
investigate the relations of cells adhering to a 
surface, and may elucidate the general mecha- 
nism of cell adhesion. 

M A T E R I A L S  AND M E T H O D S  

In essence, an intense monochromatic beam of 
collimated light is arranged to strike a series of 
interfaces at normal incidence; the intensity of 
reflection in the axis of the incident light is related 
to the separation of the interfaces. The phase differ- 
ences between the light reflected from one interface 
and another interact to produce an interference effect. 
In a system composed of three media of refractive 
index, no, nl, and n, where two outer phases are of 
considerable depth but the intermediate one is of 
small thickness d and refractive index nl, the inten- 
sity p of light reflected (relative to the incident 
intensity) normally after interference is, according 
to Vasicek (6), given by: 

"-k (na~--non)~sin~ (~2n, dcosO)} 
(1) 

k is the wavelength of light used, 0 is angle of inci- 
dence, and 0 = 0 ° for normal incidence (convention 
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used by Vasicek). If  cells are grown on a glass sur- 
face, which can be taken as representing the med ium 
of refractive index no, the gap (if present) will have 
refractive index nb The  refractive index of the glass 
used is known (no = 1.515), various assumptions 
can be made  about that  of the gap, which have in- 
teresting biological implications (see below), and 
values for the outer  regions of the cell can be ob- 
ta ined from surface contact  microscopy (8). Al- 
though protein may be absorbed to the glass, there 
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By this means an intense collimated beam fell on the 
back of the objective and i l luminated the object as a 
convergent  cone. Since the most oblique rays in the 
cone actually falling on the object did not  diverge 
more  than  12.5 ° from normal  incidence because of 
the small diameter  and accurate centering of the 
incident beam on the back of the objective, values 
of cos O in Equat ion 1 do not differ appreciably from 
the values for normal  incidence. The  cone angle was 
determined by inserting in the i l luminating beam a 
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FmvnE 1 Diagram of optical equipment. 1, mercury are lamp; ~, heat reflecting interference filter; 
8, ultraviolet absorbing filter; 4, collimating lens; 5. field iris; 6, 5461 A line isolating filter; 7, photo- 
graphic plate; 8, projection eyepiece; 9, half silvered mirror; 10, aperture iris; 11, auxiliary lens; 1~, 
objective (immersion); 18, slide with hanging drop culture. Not  drawn to scale. 

is reason to think (9) that  this film is less than  20 A 
thick, which will hardly affect measurements  by this 
method.  

The  optical equipment  used is shown in diagram 
in Fig. 1. A 1 kw high pressure mercury arc lamp 
run from a d-c supply with a large ballast resistance 
was used as a light source. An interference filter 
(Baltzers: Calflex) removed infrared radiation, an 
ultraviolet absorbing filter, and a 5461 A interfer- 
ence filter reduced the light output  to a narrow band  
centered near  5461 A. This light was collimated 
with an f /1 .9k lens onto a field iris, injected into the 
microscope body above the objective through an 
auxiliary lens, an aperture iris, and a half-silvered 
mirror  centrable in the optic axis of the microscope. 

mask allowing 1/~ or a/~ field illumination. The  form 
and dimensions of the i l luminating cone were then  
determined at the front surface of  the objective photo- 
graphically. The  distance from coverglass to front 
surface was measured with a micrometer.  Stopping 
down of the aperture was used to check that  axiality 
was observed. F rom these measurements  the cone 
angle could be calculated. In  addition, the cone 
angle was measured by projecting the beam from 
the objective through an oiled-on glass block onto 
cards placed at various distances below the objective. 
In  consequence, equation 1 can be applied to this 
measuring system (see also Vasicek, reference 6). 
By opening the iris the cone angle could be increased 
and the image destroyed by the interferences at 
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m a n y  different angles of  incidence.  A 50 X,  na  
1.0 oi l - immersion fluorite objective was used. 

T h e  intensi ty of  reflection was measu red  photo-  
graphically.  W i t h  a pho tomicrograph ic  a t t achment ,  
K o d a k  P 1600 plates were exposed for 15 seconds 
(this long exposure tends  to cu t  down the percentage 
s t andard  deviat ion in exposure length  due  to in- 
accura te  t iming  over short  intervals).  

Deve lopmen t  was carried out  unde r  s tandardised 
condit ions:  t h e  plates were developed for 11 minu tes  
in K o d a k  D 76 at  20°C wi th  cont inuous  agitation. 
An  emuls ion characteris t ic  curve  was prepared  with 
each ba tch  of plates (i.e. those exposed wi th in  1 hour)  
by exposing a plate t h rough  a series of density steps. 
T h e  density steps were in tu rn  cal ibrated on a spec- 
t rophotometer  (Hilger, Uvispek).  T h e  emulsion 
densities were measu red  after deve lopment  on a 
Joyce-Loebl  recording microdensi tometer ,  and  f rom 
their  values characteris t ic  curves could be prepared.  
Plates were exposed at a t empera tu re  of  36°C. 

Norma l  embryon ic  chick hear t  fibroblasts f rom 
9-day embryos  were g rown on glass in a m e d i u m  
composed  of 2 parts  cockerel serum,  1 par t  extract  
of  9-day embryos,  1 par t  P a n n e t t - C o m p t o n  saline. 
T h e  cells were derived f rom pr imary  explants.  T h e  
glass cul ture  surface was of borosilicate glass (Chance:  
resistance) which  h a d  been c leaned wi th  boiling 
chromic  acid (70 per  cent  H2SO4; 4 per  cent  CrO3), 
followed by repeated  boiling in distilled water ,  wi th  
final dry ing and  sterilization unde r  an  ultraviolet  
lamp.  This  m e t h o d  of c leaning produces  a very 
hydrophi l ic  glass surface free f rom adsorbed chromic  
acid and  rout inely  gives very hea l thy  cultures.  

W h e n  the cells had  been g rown for 24 hours  they 
were examined  by interference reflection microscopy.  
T h e  cultures were g rown as hang ing  drops in cavity 
slides, the  bo t t om of the  cavi ty being pa in ted  with 
optical m a t t  black pa in t  to min imize  reflection from 
this surface. T h e  cells were pho tographed  with this 
m e t h o d  of microscopy and  were then  t reated wi th  
one of the  following reagents,  after which  t r ea tmen t  
they  were then  pho tog raphed  aga in  to discover 
whe the r  the  reagents  had  altered the  dis tance be- 
tween cell and  substrate.  

1. 1.0 per cent  o s m i u m  tetroxide buffered at  
p H  7.4 wi th  Verona l  buffer, (0.028 M sod ium 
barb i tu ra te  0.054 M sod ium acetate).  

2. 0.003 M cupric  chloride m a d e  up  in 0.050 
NaC1 solution, unbuffered  p H  ca. 5.0. 

3. 0.020 M sod ium a c e t a t e - H C l  buffer  p H  3.6 
in 0.050 M NaC1. 

4. 3 M NaC1 solution buffered at p H  7.2 wi th  
0.002 M Tris-HC1. 

5. 0.10 ~ ca lc ium chloride m a d e  u p  in 0.050 M 
NaCI  buffered at p H  7.0 with 0.002 M 
Tris-HC1. 

6. 0.050 M NaC1 buffered at p H  8.20 with 0.002 
M Tris-HC1. 

7. 0.001 M e thylenediaminete t raace ta te  (EDTA)  
buffered at p H  8.22 wi th  0.002 M Tris-HC1, 
in 0.05 ~t NaC1. 

8. 0.5 per  cent  Difco t rypsin dissolved in Hank ' s  
saline, Ca-Mg-free.  

9. Distilled water.  
10. 3 M sucrose solution buffered at p H  7.2 with 

0.002 M Tris-HC1, in 0.050 NaC1. 
T h e  reasons for choosing these reagents  appear  in 
the  Discussion. T h e y  were w a r m e d  to 36°C shortly 
before use, and  the  p H  values refer to this t empera -  
ture. Inject ion of these solutions was car r ied  out  by 
insert ing a fine hypodermic  needle t h rough  the  wax 
seal of the  cul tures;  at least 2 ml  of any  reagent  was 
injected into a given cul ture in which  the vo lume of 
cul ture  m e d i u m  was less t h a n  0.1 ml.  

Optical Calibration of the Equipment 

Three  tests were carr ied out  on the  optical sys tem 
before it was used for measu remen t s  of light inten-  
sity. First, it was de te rmined  tha t  no appreciable 
geometrical  distortion was present  in tha t  central  
par t  of the  image  field used for measurements ,  by 
applying the  technique  described by Hal ler t  (10). 
A test grid was prepared  by Messrs. Graticules o f  
London  and  tested by the  Nat ional  Physical Labora-  
tory. In  consequence,  there  no is reason to suppose 
tha t  distortion migh t  alter i l luminat ion levels in the  
various parts  of the  image  field. Second, f requent  
tests for evenness of i l luminat ion across the  field 
were carried out  by pho tograph ing  the  field on a 
coverslip carrying a drop of water  (focusing on  the  
glass-water interface). Transects  of  these negat ives  
were made  with a microdensi tometer  and  it was 
found that ,  except within 1 m m  of the  edge of the  
negative, image  i l luminat ion had  been even. Th i rd ,  
tests for the  presence of glare and  scattered light 
arising in the  optical system and  reaching  the  plate 
were performed by us ing the  technique  described 
by Curtis  (I1) ,  it was found tha t  stray light was 
never  greater  t han  densi ty  0.005 (in the  negative) 
above tha t  which  would be expected on the  na tu re  
of  diffraction wi thin  the  object, and  this density was 
never  equal  to more  t h a n  a 2 per cent  difference in 
i l luminat ion falling on the  plate. 

However,  it is possible tha t  diffraction effects 
arising within the  object migh t  cause a sufficient 
scatter of  light to vitiate measurements .  This  p rob lem 
canno t  yet  be solved theoretically because of the  
ext reme complexi ty  of  the  system, a l though  Wilkins '  
t r ea tmen t  (12) for t r ansmi t t ed  light and  a condenser  
aper ture  na  0.5 suggests tha t  it will not  be serious. 
Here  the  na  is 0.3 wi th  reflected i l lumination.  Never-  
theless it would  not  be expected tha t  diffraction effects 
would be serious in the  central  regions of a thin film. 
Diffraction effects m igh t  be more  extensive at the  
edge of a film. 
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In  Figs. 4 and  5, a series of  parallel  lines m a y  be 
seen to follow the outline of the  cell. A l though  these 
migh t  be due  to edge diffraction, they  are more  
probably  ove rhang ing  port ions of the cell surface 
far ther  away f rom the  glass (see Fig. 2). T h e  m a i n  
reason which  supports  this in terpre ta t ion is that ,  
us ing  white light i l luminat ion,  a l though  the inner-  
most  band  is black the  bands  per ipheral  to it are 
coloured, which  indicates tha t  they  are higher  
orders due  to the  cell surface going farther away 
from the glass (an order  = about  2000 A). I n  addi-  
tion, these bands  are invar iably  included in the  out-  
line of  the  cell as seen by t ransmi t ted  light phase  
microscopy. Measu remen t s  of  gap  thickness have  

FIGURE ~ Diagram to illustrate probable origin of 
fringes at  edge of cell. Par t s  a and b represent cells in 
section adhering to a glass surface. The  cell in a would 
be expected to give rise to fringes because its under- 
surface steps away from the glass as an  "overhang"  
at  its edges. The  cell in b would not  be expected to give 
any  fringes because the  undersurface remains close 
(within one order) to the  glass over its whole extent,  
and  no parts  of the undersurface are farther away than  
one order. 

no t  been m a d e  on these bands  which  are too na r row 
for accurate  densi tometr ic  measu remen t .  

Optical Evaluation of the Results 

Inspect ion of equat ion  1 makes  it obvious tha t  the  
value of the  reflectivity depends  on the  values  of n, 
nl, and  no, so tha t  for a measu red  reflectivity the  
calculated gap  thickness depends  on these values. 
T h e  first p rob lem is raised by the  correct selection 
of the values of  these constants,  and  a second one by 
the  difficulty of  measur ing  the  reflectivity, since it 
would be ha rd  to measure  directly with accuracy  
the intensity of  incident  i l luminat ion.  Fur the rmore ,  
a related problem is whe the r  the  cell surface and  
interior have  sufficiently similar refractive indices 
for the  th ree -componen t  system represented by 
equa t ion  1 to be adequate ,  in which  n is taken as 
referring to both  the cell surface and  nearby  interior. 

T h e  system was tested by placing a mica  sheet  

(muscovite) with cleavage steps immersed  in paraffin 
oil on a glass coverslip. I n  this system the increase 
of intensity with greater  thickness of  the  paraffin 
oil is m u c h  larger t h a n  in the  exper imenta l  case, 
and  hence measu remen t s  can  be m a d e  with m u c h  
greater  accuracy so tha t  20 A differences should be 
easily detectable. T h e  cleavage step corresponding 
to the  first m a x i m a  was observed, and  by us ing  
Equa t ion  1 its dis tance f rom the  glass calculated.  T h e  
nearest  position of the  mica  could also be measu red  
by us ing Equa t ion  1. Then ,  by measu r ing  the  in- 
tensity change  f rom either of  these positions to the  
next  cleavage plane,  the  he ight  of  the  cleavage step 
could be calculated.  T h e  values were found to be 
mult iples  of  20 A, as expected for mica.  I n  one in- 
stance, the  nearest  par t  of  the  mica  to the  glass gave 
a reflectivity of  0.00045 corresponding to 135 A 
separa t ion f rom the  glass, the  next  nearest  step had  
a reflectivity of  0.00069 corresponding to 195 A;  
the  difference cor responding  to 3 mica  sheets, the  
step nex t  to this, h ad  a reflectivity of  0.00121 cor- 
responding  to 295 A, 5 planes far ther  away. T h e  
system was also checked by count ing  the  n u m b e r  of  
orders between top and  bo t tom of the  mica  sheets 
(each order  equals  1900 A) and  compar ing  this 
thickness with tha t  obta ined  independen t ly  by micro-  
scopic measurement .  Sheets were between 1.9 and  
4.0 mic ra  thick. Good agreement  was found.  

For measu remen t s  on ceils, the  values of  no, n~, 
and  n were found as follows. T h e  value of no = 1.515 
(for the  coverslip glass) is fixed, and  values of  n, 
the  refractive index of the  cell surface, were obta ined  
from measu remen t s  by surface contact  microscopy. 
For cells in no rma l  m e d i u m ,  n = 1.370; after o smium 
tetroxide fixation, n = 1.371; after t r ea tmen t  with 
cupric  ions, n = 1.370; and  after t r ea tmen t  with 3 
M NaC1, n = 1.375. These  measu remen t s  show that  
the  t rea tments  have  little effect on values of  n. Wi th  
the  exception of 3 M sucrose t rea tment ,  there  is little 
reason to suppose tha t  the  other  med ia  would ap- 
preciably alter the  surface refractive index. T h e  
refractive index of the  gap  between cell and  substrate,  
n~, will be either tha t  of  the  immers ion  m e d i u m  or 
slightly greater  because of the  presence of intercellular  
mater ia l  in the  gap. For each measurement ,  nl has 
been taken as equal  to the  refractive index of the  
immers ion  m e d i u m  since, as explained later, it is 
impossible to reconcile measu red  reflectivities with 
values of  nl greater  t han  1.342 (except for 3 M NaCI 
or sucrose t rea tments  which  are special cases). T h e  
refractive indices of  the  various m e d i a  in which  the  
cells lay were measured  in a refractometer  and  ranged  
from 1.338 to 1.341, except  for the  3 M NaC1 and  
sucrose med ia  which  had  refractive indices of  1.360 
and  1.420, respectively. T h u s  we can  take nl = 
1.340, except  for 3 M NaC1 and  sucrose, in which  nl 
has the  values jus t  given. 

T h u s  a series of values can  be fitted to Equa t ion  1 
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to allow its solution in te rms  of d for the various 
measu remen t s  of  reflectivity before and  after the 
varying t rea tments  of  the  cells. I n  Fig. 3, curves of  
the  relationship between reflectivity and  separat ion 
are shown for all t reatments ,  including the  two special 
cases of t r ea tmen t  with 3 M NaC1 or sucrose. Calcula-  
t ion of model  examples  of  equa t ion  1 for a variety of 
different values of  n and  nx showed tha t  only a small  
r ange  of values (n, 1.365 to 1.380; nl, 1.335 to 1.342) 
on ei ther side of those used will give reflectivities 

examin ing  them,  it was found tha t  the  rat io of  
measu red  reflection intensities for any  pair  of  these 
interfaces was the  same  as tha t  between the calcu- 
lated reflectivities. T h u s  the  intensi ty of the  incident  
b e a m  can  be calculated,  us ing Equa t ion  2. T h e  
rat io between the measu red  reflection f rom part  of 
the  double interface over a cell and  tha t  f rom 
par t  of  the  g lass -medium interface nearby,  which  
can  be calculated f rom measu remen t s  on a nega-  
tive, allows the  compu ta t i on  of the  actual  reflec- 
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FIGUaE 3 The  relations between the refleetivity ratio p from an  interphase and the  thickness of the 
interphase in A for (a) cultures in all media save (b) eultures in 3 M NaCI, and (e) cultures in 3 M sucrose. 
nl and  n for each curve are the values for interphase and cell surface refractive index, respectively. The  
broken line in each graph indicates the background reflectivity; the  dotted line in a and  b gives the lowest 
refleetion ratio measured on any  cell in each of these media respectively. 

s imilar  to those measured  over the  range  large 
( > 2 0 0  A) to very small  gap  thicknesses (0 A )  

T h e  prob lem of measu r ing  the  reflectivity was 
solved in the  following m a n n e r :  the  reflectivity p 
at a single interface between two med ia  is given by 
the  equat ion  : 

P --- (~-~+~n0)"~ - no ~ (2) 

where  nl and  no are refractive indices of  the  two 
media .  By prepar ing  glass-water,  glass-paraffin oil, 
glass-culture m e d i u m  and  glass-air interfaces and  

tivity of  tha t  par t  of  the  cell surface relative to the  
intensity of  the  incident  beam.  This  reflectivity ratio 
can  be used to evaluate  the  thickness of the  th in  gap  
be tween cell and  glass by use of Equa t ion  1. 

T h e  quest ion remains ,  however,  whe the r  the  inner  
side of the  cell surface or const i tuents  far ther  wi thin  
the  cell are able to reflect sufficient l ight to inval idate  
measurements .  

The  exper imenta l  test of  this was to observe cells 
in white  light. If  colored interference bands  are 
observed, these represent  orders p roduced  by thick- 
nesses greater  t h a n  c a .  2000 A. Consequent ly ,  re- 
flection f rom the far side of the cell would be ex- 
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pected to p roduce  colored fringes. In  white  light, all 
the  interference fringes are zero order  ones (black- 
white),  except  for faint colored ones over the  nucleus  
and  occasional colored fringes at  the  edges of the  
cells. T h u s  componen ts  deep within  the  cell or at  the  
far side of the cell do not  cont r ibute  to the  interference 
pat tern ,  and  the  fringes observed are produced  by 
the  gap  alone. O n  theoretical  grounds ,  Vasicek 
(reference 6, chap.  4) gives formulae  for the  calcula-  
t ion of reflectivity f rom a four -component  sys tem 
conta in ing  two apposed th in  films. Calcula t ion of 
the  expected reflectivity for such  a system which  
can  be taken  to represent  glass, in terphase  between 
cell and  glass, cell surface, and  cell interior, us ing no 
glass = 1.515, nl interspace = 1.340, n2 cell surface 
= 1.370, and  n cell interior  1.360 to 1.390, shows 
tha t  these values are little different f rom those com-  
pu ted  for the  th ree -componen t  system. Fur the rmore ,  
it is possible tha t  there  is a grad ien t  of refractive 
index  away from cell surface; if this is so, reflection 
from the inner  side of the  cell surface will be 
diminished.  Barer (13) immersed  cells in protein  
solutions of h igh  refractive index and  observed tha t  
the  interface between cell and  m e d i u m  became  
invisible wi th  immers ion  med i a  of  refractive index 
ca. 1.36 to 1.38, which  implies tha t  the  cell interior  
has a refractive index fairly close to tha t  of its surface. 
In  addit ion,  it m a y  be remarked  tha t  at no t ime has  
any  sign of internal  s t ructure  of  the  cell been seen 
unde r  this form of microscopy,  o ther  t h a n  occasion- 
ally a pa t ch  represent ing the  nucleus.  A final reason 
for supposing tha t  the  measu remen t s  reflect accurate ly  
the  thickness of  the  gap  between glass and  cell is tha t  
on raising the  refractive index of the  immers ion  
m e d i u m  by addi t ion of 3 M NaC1 or sucrose the  re- 
flectivity changes  in the  m a n n e r  expected if the  inner  
componen t s  of  the  cell play no appreciable  par t  in 
con t r ibu t ing  to the  reflectivity. 

Wi t h  all of  these points  taken into considerat ion,  
three separate  forms of Equa t ion  1 have  been used 
to calculate  the  thickness of the  in terphase  from re- 
flectivity measurements .  T h e  first equa t ion  for cells 
in all media ,  save 3 M sucrose and  NaC1, has  values 
no = 1.515, nl = 1.340, n = 1.370. For 3 M sucrose, 
nl 1.420, no = 1.515, n = 1.370. For  3 M sod ium 
chloride solution, nl = 1.360, no = 1.515, n = 1.375. 
Curves  of these three equat ions  are shown in Fig. 3. 
Examina t ion  of the  curves indicates tha t  they flatten 
out  below 100 A film thickness, which  is why  precise 
measu remen t s  canno t  be m a d e  m u c h  below this 
limit, t hough  it is possible to state tha t  a given 
m e a s u r e m e n t  of reflectivity gives a thickness of  75 
A, or less t h a n  50 A. 

Accuracy  of  the Method  

Inspect ion of Equa t ion  1 shows tha t  small  changes  
in the  value  of nx and  n lead to appreciable  changes  

in the  reflectivity. A l though  measu remen t s  of  n~ and  
n have  been m a d e  to -4-0.001 refractive index uni t ,  
an  accuracy which  would limit the  accuracy of 
measu remen t s  to -4-20 A, the  values of  nl have  been 
chosen as being those of the  refractive index of the  
bulk of the  immers ion  m e d i u m .  Values  of  n~ m i g h t  be 
inaccura te  because of the  presence of organic  colloids 
lying in the  gap  between the p l a sma  membranes ,  
bu t  the  discussion will show tha t  it is improbab le  
tha t  appreciable  a m o u n t s  of such mater ia ls  are pres- 
ent. A low concentra t ion,  say 2 per  cent  w /v ,  of  
intercellular  mater ia l  such as mucopolysacchar ide  
would  have  so small  an  effect on values of  nl (an 
increase of ca. 0.003 refractive index units)  t ha t  it 
would  be wi thout  effect on the  measurements .  A 
set of refractive indices mus t  apply  in the  system 
such  tha t  the  lowest reflectivity found indicates a 
thickness greater  t han  or equal  to 0 A;  this is satisfied 
wi th  the  values of nl and  n used for the  respective 
t rea tments .  

A second source of inaccuracy  m a y  reside in the  
pho tograph ic  and  densi tometr ic  techniques.  Slightly 
differing exposure t imes or deve lopment  t imes m a y  
alter the  over-all densities of  the  plates;  however,  
the  cal ibrat ion curves (over the  density range  used)  
were such  tha t  the  same ratio between background  
reflectivity and  tha t  of  some par t  of  a cell is preserved 
with smal l  al terat ions in exposure and  development .  
Since each plate possesses its own  reference measure -  
ment ,  i.e. tha t  of the  background  (medium-glass  
interface),  small  differences in exposure and  develop- 
m e n t  can  be ignored since the  cal ibrat ion curves 
au tomat ica l ly  correct  such  errors. Lastly, there  
remains  the  quest ion of the  accuracy of densi tometr ic  
measurements ,  part ly considered earlier. Diffract ion 
effects are unlikely to be of impor tance  if measure -  
men t s  are m a d e  on  areas of  the  negat ive represent ing 
areas  of  the  object grea ter  t h a n  2 mic ra  wide:  in 
consequence,  all measu remen t s  were m a d e  on parts  
of  the  negat ive represent ing object port ions of con-  
s tant  densi ty 2 mic ra  or more  in width.  T h e  actual  
negat ive  densities varied from 0.65 to 0.95 (except 
for cells t reated with 3 ~ NaC1, in which  the  range  
was f rom 0.70 to 1.25). Wi th in  these ranges,  
densi tometr ic  readings  were reproducible  to less 
t h a n  0.005 units,  which  correspond to an  accuracy of 
reflectivity ratios wi thin  4-2 per cent. In  conclusion,  
it seems probable  tha t  reflectivity ratios can  be meas-  
u red  wi th  a b o u t  2 per cent  accuracy and  tha t  al- 
t hough  the  accuracy of t ransla t ion of these into 
in terphase  measu remen t s  varies with the  in te rphase  
thickness itself and  with the  values of n~ and  n chosen, 
there  is unlikely to be greater  error t h a n  50 A in 
such  measu remen t s  for low values of d; these errors 
will be smal ler  for larger values of  d. Even  if 
the  refractive index values are viewed with grea t  
scepticism, it will be admi t t ed  tha t  changes  in such 
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measurements after a cell has been treated with a 
reagent can be taken to indicate that  the separation 
of the cell from the glass has changed. 

R E S U L T S  

Cells in Normal Culture Medium 

Fifty individual  cells in 46 cultures have been 
photographed by this method of microscopy. 
In all cases, as in other  treatments,  cells near  the 
periphery of the outgrowth were examined in 
order  tha t  a port ion of the background could be 
photographed with the cell and  so tha t  the edge 
of an individual  cell could be easily distinguished. 
A fur ther  reason for doing this lies in the fact 
tha t  it is thought  by Abercrombie  and  Ambrose,  
(14) tha t  the most adhesive par t  of the cell is its 
pseudopod and  in consequence this par t  might  be 
expected to adhere  most closely to the substrate;  
cells with  well developed pseudopods spread 
over glass are found only near  the edge of the 
outgrowth. 

In Fig. 4 three photographs  of such cells can 
be seen. By making  numerous  transects of the 
negative with the microdensi tometer ,  contour  
maps of the separat ion of the cells from the glass 
can be bui l t  up (see also Fig. 5). These photo-  

graphs and  maps illustrate a series of findings 

which could be made  out  in all the photographs  

of the cells. The  greater  pa r t  of the cell body lies 

300 to 500 A away from the glass; this includes 
the centre par t  of the cell. The  front pseudopod 

and,  to a lesser extent,  the rear  pseudopod are 

those parts of the cell closest to the glass; large 

areas of such pseudopods are about  200 to 250 A 
away from the glass, and in m a n y  pseudopods small 

regions reaching a nearness l imit  of 100 A can 

be found. Frequent ly  these 100 A regions foizn 
narrow bands ei ther  very close to the front edge 
of the cell or a little far ther  back but  parallel to 
the leading edge of the cell. In  most  cells the rest 
of the cell body has a nar row band  of separat ion 
100 to 200 A, runn ing  a round  the edge of the cell, 
bu t  in some very elongate cells with  well de- 
veloped pseudopods this band  is missing, pre- 
sumably because the stretching of the cell has 
pulled the whole of the centre par t  of the cell 
far ther  away from the glass. This  bounding  band  
can be seen in Fig. 4 and  in Fig. 5 in a transect  
of a cell. Over  the main  par t  of the cell body 
one or other  of two main  pat terns of separation 
develops. In m a n y  cells, including the obviously 
elongate cells, the surface is folded into a series 
of parallel furrows and  ridges which are abou t  
2 to 5 micra  wide, the ridges of the cell coming 
to within 250 A and  the furrows being as far away 
as 500 A from the glass. Examples of such cells 
can be seen in Fig, 4. The  axis of this furrowing 
is in the direct ion of the movemen t  of the cell, 
but  it never  extends into the pseudopodal  region. 
In  other  cells a much  more confused pa t te rn  de- 

velops (see Fig. 5): here, furrows and  ridges are 

a r ranged  apparent ly  wi thout  order  and  merge 

into nar row pseudopods; nevertheless, the sepa- 

rations between the various parts of cell and  the 
glass are within the same range as for the pre- 

viously described type. This pa t te rn  develops in 

cells of a more rounded form but  has never  been 

seen in elongate cells. W h e n  the cells move, 

small changes in the pseudopods appear  as a 

sort of slight dappl ing  of l ight  and  dark  as they 
extend. As the rest of the cell moves, the pa t tern  
of furrowing changes slowly but  does not  greatly 

alter in periods of 10 minutes. The  background is 

FIGURE 4 Interference reflection microscopy. Parts a and e are photographs of normal 
chick heart fibroblasts in normal culture medium. Note that  the contrast ratio in these 
and all other photographs has been deliberately greatly exaggerated in preparing prints 
in order to make them suitable for reproduction. The original negatives appear as close 
grey tones. Parts b and d are "contour" maps of the interphasc thickness between glass 
and cell prepared for the cells shown in a and c by densitometric transects on the negatives. 
Contours, i.e. isopachytes, at 100 A (not present), 150 A, ~00 A, and 600 A. Areas >600 A 
away from glass indicated by dotted tint. Cell in a shows parallel lineation of regions of 
closest approach; only mid-part of cell body is shown. Note that  centre of cell body is 
far away from glass. Two cells in c; cell at  left has marked bounding band of adhesion; 
cell at right shows a more confused pattern of adhesion. A certain amount of fine detail 
has been ignored in production of the maps. 
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FIGURE 4 a-d 
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FIOURB 5 Fibroblasts in normal culture medium. 
a, fihroblast showing one marked region of adhesion 
near an edge; note that  most of cell body is ca. 500 A 
away from the glass, b, section through cell-glass 
interphase, across another cell, to show edge adhesion; 
prepared from densitometric transect, c, on the left, 
a drawn-out cell showing region of adhesion near 
bottom of picture; on the right, region of junction 
between two or three cells, several triangular areas of 
adhesion close to contact of pseudopods. 

of even density r ight  up  to the apparen t  edge of 

the ceil, which suggests tha t  the cells are not  se- 

creting any appreciable a m o u n t  of mater ial  of 

h igh refractive index. Fur thermore ,  the region 

from which the cells have just  removed appears 

exactly similar to the background,  which provides 

evidence tha t  the cells do not  leave behind an 

adhesive material .  In  16 of the cells the region of 

closest approach  of cell to glass was 100 A deep, 

in 20 it was between 125 A and  200 A, and  in 14 

cells it was between 200 A and  250 A. 

Treatments which Decrease the Separation 

between Cell and Substrate 

O S M I U M  T E T R O X I D E  F I X A T I O N  : Six cells 
from 5 cultures have been examined 2 minutes  
after fixation. The  same cells had  been photo-  
graphed  shortly before fixation and, a l though 
some changes were observable, in general  terms 
they appeared m u c h  the same after fixation as 
before. Fig. 6 a shows the general  appearance  of 
such a cell. Transects (see Fig. 6 c) show tha t  the 
closest approach  of cell to glass is about  ]00 A 
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~GUR~ 6 Osmium tetroxide and hypertonic NaC1 treatments, a, cell after fixation with osmium tetroxide; 
pscudopodal region of cell. b, contour; i.e., isopachyte map of interphase thickness for cell in a. c section 
through cell-glass interphasc for cell in a; section runs from A to B (see part  b). Note that  osmium te- 
troxide fixation brings much more of the cell closer to the glass than it was before fixation, but that  the cell 
is never closer than 100 A. d, two fibroblasts after treatment with 3 M NaC1; note the disorganised nature 
of the cells, but their outlines are still visible, e, section from A to B in d. Many regions of close, i.e. 
50 A, adhesion form. Conventions for maps as in Fig. 4. 



(found either in the band bounding the cell or 
in the pseudopod). ~Ihe main mass of the cell 
body shows much less sign of furrowing than 
before treatment, but it remains about 200 A 
away from the glass. Visual observation of the 
ceils during the addition of the osmium tetroxide 
reveals a very interesting phenomenon. The cells 
darken considerably a few seconds after the fixa- 
tive is added. A few seconds later, the cells lighten 
again and their density reverts to roughly what it 
was before treatment. Unfortunately this phe- 
nomenon cannot be filmed because the light 
intensity is too low. Nevertheless this darkening 
implies that the cells come considerably closer 
to the glass during the process of fixation than 
they were before. But the cells then lift off the 
glass again and reassume roughly their former 
separation. ]-he closest approach of osmium 
tetroxide fixed cells (in the steady state) to glass 
was 100 A in two cells, 150 A in three cells, and 
250 A in one cell. 

0 . 0 0 3  M C U P R I C  C H L O R I D E  ( U N B U F -  

F E R E D ) :  Cultures were injected with 0.003 M 
Cupric chloride in 0.050 M NaCl: the pH of this 
medium varied from 4.8 to 5.4. Attempts to buf- 
fer this medium at pH 6.6 with Tris-HC1 buffer 
were useless because a floc of fine precipitate 
formed, probably of cupric hydroxide, which 
resulted in messy pictures. Wilkins et at. (1) used 
unbuffered cupric chloride in order to avoid 
possible secondary effects due to the presence of 
buffer ions. Six cells were photographed after 
treatment. Transects of the negatives showed that 
the closest approach of cell to substrate was less 
than 50 A in all six cells, but that large parks of 
the cells remained 900 to 300 A away from the 
glass surface. 

M E D I U M  B U F F E R E D  A T  P H  3 . 6 :  Six cells 
from 6 cultures were photographed 2 minutes 
after the cultures had been injected with an 0.02 
M acetate-HC1 buffer pH 3.6 made up in 0.050 M 
NaC1. After this treatment the cells appeared 
rather ragged and it was obvious, by comparison 
with photographs of cells previous to treatment, 
that considerable shrinkage of the cells had oc- 
curred. Densitometric transects of the images 
revealed that the separation between cells and 
substrate had changed considerably. In the 
pseudopodal regions large areas were found in 
which the separation was less than 50 A, in other 
parts of the cells separations up to 300 A could be 
found. 

3 M SODIUM CHLORIDE: The injection of 3 
M NaC1 pH 7.0 into cultures has dramatic effects 
on the cells. Although shrinkage of the whole cell 
occurs, the most obvious effect is a sharp rise in 
the image contrast (see Fig. 6). This appears to 
be due to much of the cell being distorted and 
pulled well away from the glass surface. Dis- 
tances of 1000 A are found in many parts of the 
cells, such regions being found chiefly near the 
peripheries of the cell, but towards the centre 
of the cell a very different change occurs for large 
areas of the cell come closer than 50 A to the glass 
(see transect in Fig. 6). In all, seven cells from as 
many cultures have been examined 

0 . 1 0  M C A L C I U M  C H L O R I D E :  This concen- 
tration of calcium chloride (made up in 0.050 
M NaC1) buffered at pH  7.0 was chosen since it 
should bring the cells near to their point of 
charge reversal (1), in consequence suppressing 
their repulsive forces so that the separation be- 
tween cell and substrate would diminish. Six 
cells from four cultures were photographed after 
injection. The transects of the negatives showed 
that large areas of the cells came to within 50 A 
of the substrate, but the folded topography of 
the interphase remained so that some parts lay 
as far away as 350 A. 

Treatments which Increase the Separation 

between Cell and Substrate 

0.050 M sodium chloride buffered at pH  8.20 
appeared to have litde effect on the cells. Densito- 
metric transects of the images of four cells (the 
transects were chosen to cross those portions of the 
negatives which indicated closest approach of cell 
to glass) revealed no separation less than 225 A. 
Parts of the cell surface farthest away from the glass 
lay at a distance of about 600 A. Thus there ap- 
pears to be an increase in the separation after 
treatment with this medium. 

Three cells from three cultures were photo- 
graphed 2 minutes after treatment with E D T A  
pH 8.20. Transects of the cells (16 in number) 
showed that no interphase distance less than 300 
A could be found, and that much of the cell sur- 
faces lay 600 A from the glass. This treatment 
failed to dissociate cells completely from glass. 

Injections of either trypsin (0.5 per cent w / v  
solution in calcium- and magnesium-free culture 
medium) or distilled water were made into the cul- 
tures, but measurements of their effects were im- 
possible because all the cells de-adhered from the 
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glass within 1 minute. It  is of interest that no por- 
tion of the cell, such as a small piece of pseudo- 
pod,  was ever seen to be left behind 

Treatments which Do Not Affect the 

Separation 

After injection of 3 M sucrose the contrast of the 
image falls considerably because the high refrac- 
tive index of this medium reduces the contrast 
expected from a given separation of cell and sub- 
strata. But the curve relating image density and 
separation is of much the same degree of curvature, 
though in the opposite direction (see Fig. 3), 
as curves for other treatments, so that measure- 
ments are nearly as accurate. On  the five cells 
treated from five cultures, densitometric transects 
have shown that the separation between cell and 
substrata is never less than 100 A though fre- 
quently much greater (e.g. up to 600 A). It  is ob- 
vious also that this treatment considerably dis- 
torts the cells. 

D I S C U S S I O N  

The various treatments made on the cells adher- 
ing to glass show that the distance between plasma- 
lamina and the glass substrata can be altered with 
ease. Presumably the manner  in which the inter- 
phase distance can be altered will be strongly 
indicative of one or other mechanism of adhesion 
and this point will be explored. However, one 
problem must be resolved before this can be done. 
The observations show that the interphase dis- 
tance alters from one part of the cell to another. 
Although some treatment may considerably 
alter this distance in one small part of the cell, 
its effect over the whole of the cell may be so 
slight that the percentage change will be insignifi- 
cant. Indeed the results suggest this. For example, 
though treatment at pH 3.6 makes small parts of 
the cell close down to an interphase distance of 
less than 50 A, much of the cell is either unaffected 
or may show increased interphase distance. There 
are strong reasons for thinking that the significant 
distance is the closest one. The main reason is 
that when the adhesion of the cell has come to 
equilibrium, the distance between cell and sub- 
strata will be one at which the forces of adhesion 
and repulsion come to equilibrium, whatever the 
mechanism of these forces. Obviously the farther 
away cell and substrata are (beyond a very close 
minimum) the weaker the adhesion will be. In 
consequence it seems that the point of closest 

approach will be the point of cell adhesion or at 
least of strongest adhesion. A biological reason for 
choosing these sites for investigation of the mecha- 
nism of adhesion is that they are found generally 
in the pseudopodal parts of the cell which are 
thought (5, 14) to be the most adhesive regions. 

In the Introduction, the three main theories of 
cell adhesion were outlined, namely (1) that there 
is a gap between the cell surfaces, the gap being 
filled by a substance binding the two plasma- 
lemmata together by chemical bonding, (2) 
that there is no gap, the plasmalemmata binding 
directly to one another, by close-range van der 
Waals-London forces or by chemical bonds, and 
(3) that there is a gap between cell surfaces, the 
main adhesive forces being the van der Waals-  
London long-range forces, the electrostatic forces 
of repulsion due to the surface charges balancing 
with them to give a separation of ca. 100 to 200 A 
between cells (see references, 4, 15). Obviously, 
the second and third theories predict that adhe- 
sions form with a gap of 200 A or less between 
the cells, but it is harder to suggest what gap dis- 
tance would be predicted by the first theory. In- 
deed the comparative constancy of the 100 to 200 
A gap between cells seen in electron micro- 
graphs would seem to require some special and 
unsuspected property of a cement substance if 
no artefacts are formed on fixation and if theory 1 
is correct. 

I intend to discuss the results in terms of their 
applicability to theory 3, which has been de- 
scribed in detail in a previous communication 
(4). Van der Waals-London forces are little 
affected by chemical treatments, but the surface 
potential of the cells can be considerably affected 
by the changes in cation valency, ionic concen- 
tration, pH, etc. Osmotic changes unaccom- 
panied by alteration of the ionic concentration 
have no effect on the surface potential. These two 
conditions may form the experimental crux upon 
which the accuracy of theory 3 can be tested. Any 
deviation of cell separation distance in adhesions 
or of adhesive behavior from those expected, if 
they are directly controlled by the surface poten- 
tial, will suggest that some other mechanism is 
acting, perhaps involving specific chemical bond- 
ing. The various treatments used were chosen 
partly because of their known effect on surface 
potential and pardy because some of them would 
be expected to have contrary effects if such adhe- 
sive systems as specific chemical bonding do act. 
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When the electrostatic repulsive forces are re- 
duced, for instance, by increasing the cation con- 
centration or valency, or by lowering the pH 
towards the isoelectric point of the cell surface 
(charge reversal point), the repulsive forces de- 
crease, and in consequence the potential energy 
barrier is sufficiently low for the two surfaces to 
approach to ca.  10 to 20 A, where close-range van 
der Waals-London forces can act. In the present 
series of measurements, treatments with 3 M NaC1, 
or 0.10 M CaC12, or 0.003 M CuC12, or pH 3.6 
treatments would be expected to have such 
effects, and the measurements show that indeed 
they do reduce the distance of closest approach to 
below 50 A. Since the form of the potential energy 
curve of repulsion suggests that it is extremely 
unlikely that adhesions would form with a gap 
distance of ca.  30 to 70 A, measurements of gap 
thickness less than 50 A can be taken to mean 
thicknesses below 30 A; i . e . ,  in the close or primary 
range of adhesion. 

By increasing the repulsive forces, the gap 
thickness can be enlarged. Treatments which can 
be expected to bring this about, e .g .  lowering the 
ionic concentration by treatment with distilled 
water, raising the pH  to 8.22, removing divalent 
ions by treatment with EDTA,  have been found 
to increase the nearest approach of cell and sub- 
strate to 200 A. 

These results are compatible with the third 
theory. But although the finding that in normal 
culture medium the nearest approach of cell 
and substrate is never less than 100 A is directly 
contradictory to theory 2, these results are in 
general in agreement at first sight with a variant 
of this second theory. The variant theory main- 
tains that the charged groups of the cell surface 
provide repulsive forces but that the main at- 
tractive forces are brought about by the combina- 
tion of calcium atoms with carboxyl groups on the 
cell surface, the individual calcium atoms attach- 
ing to the carboxyl groups on one cell surface and 
to other carboxyl groups of some macromolecular 
substance (cement) found in the gap between 
the cells. At the other side of the gap, other cal- 
cium atoms bind the molecules of cement to the 
surface of the other cell (16, 17). If  this theory were 
true, it would be expected that on reducing the 
pH the ionization of carboxyl groups would die 
away and that the calcium links would be broken, 
thus removing the main attractive force. Yet 
the results show that at pH 3.6 (a degree of acid- 

ity sufficient to suppress carboxyl ionization) the 
cells form closer adhesions with the substrate than 
at higher pH, and though in part this close ap- 
proach must be due to the suppression of the 
surface charge of the cell, an attractive force must 
still exist at this pH for the adhesions to form. 
This force cannot be due to the existence of cal- 
cium-carboxyl links. Steinberg (18) has claimed 
that the aggregative behavior of amphibian em- 
bryonic cells can be equated with their adhesive- 
ness and that they do not aggregate below pH 
4.5. However, his conclusion that aggregation is 
equivalent to adhesion is questionable (see refer- 
ence 4), and Curtis (19) finds that embryonic chick 
and amphibian cells will adhere at pH 4.0. 

Consider further the possibility of the action of a 
cementing substance. The results show that such a 
material, if present, can be compressed in thick- 
ness from 200 A to less than 50 A, probably to 
10 A; can contract under the influence of low 
pH, calcium ions and high ionic concentration; 
can expand under the influence of lack of Ca 
ions, high pH, and low ionic concentration; and 
yet is unaffected by purely osmotic phenomena 
such as the addition of 3 M sucrose solution. This 
hypothetical cementing substance has, in fact, to 
respond to these various treatments in exactly the 
same manner  as the surface potential, and in addi- 
tion must be capable of an improbable degree of 
shrinkage (20). 

No evidence for the existence of a cementing 
material has been found from the measurements 
with interference reflection microscopy. Al- 
though a refractive index of nl = 1.340 has been 
used for the interphase medium in the calcula- 
tions, this value was chosen because it is the re- 
fractive index of the medium at 36°C. The me- 
dium contains approximately 6 per cent protein. 
At first sight it might be possible to explain that 
in the interphase in normal medium the serum 
protein is replaced by a cementing substance of 
similar refractive index. However,  when this gap 
is shrunk to at least a quarter of its normal thick- 
ness, as at pH 3.6, the concentration of the hypo- 
thetical cementing substance would rise fourfold. 
In consequence the refractive index of the inter- 
phase medium would rise to ca.  1.367 (assuming a 
refractive index increment equal to that for pro- 
tein). If  this value existed, the measured reflectiv- 
ities of up to - 3 3  per cent below background 
would be impossible, as has been mentioned ear- 
lier. It can be concluded that the results do not 
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suggest that a cementing substance acts in the 
adhesion of these cells to glass. Of  course, this 
does not preclude the existence of intercellular 
materials that play some part in the adhesion of 
other cells in other situations. 

Wilkins et al. (1) claimed that the flocculation 
kinetics of polymorph leucocytes treated with 
cupric, lanthanic, or thoric ions were such that 
the cells must come into close contact; i.e., with a 
gap of ca. I0 to 20 A between cells. This result 
would in any case be expected, since these ions, 
in the concentrations used, considerably diminish 
the electrostatic forces. These authors argued 
that when cupric ions were used the cells re- 
mained alive and hence that these systems form 
reliable models for cell adhesion in normal 
physiological media. Since only slightly stronger 
cupric salt solutions have been used as fixatives 
(21), it seems improbable that the cells were alive. 

It  would be expected that osmium tetroxide 
fixation would reduce the gap between two sur- 
faces because it would suppress their negative 
charges. Yet this effect is not observable in the 
photographs, but visual observation suggests that a 
transitory reduction of the gap occurs. At present 
it is only possible to speculate on the mechanism 
of this phenomenon, which requires confirmation. 
I t  may, however, be that osmium tetroxide 
fixation produces a complete reversal in charge 
because of the comparatively high concentration 

of osmium tetroxide, so that the cells re-separate 

as the membranes become positively charged. In 
any case, the phenomenon is of the greatest in- 
terest to electron microscopists, since it seems 
possible that the 100 to 200 A gap found between 
fixed cells is an artefact, but an artefact which 
fairly closely reproduces the situation in life. 

The osmotic shock of 3 M NaC1 or sucrose treat- 

ments in the present work might have produced 
meaningless measurements. This seems unlikely 
because the cells have adhesions only on one side. 
Shrinkage or expansion of the cells due to osmosis 
will produce only lateral pulls on these adhesions 
and, though some adhesions may be destroyed, 
no force of osmotic origin will tend to compress 
existing adhesions. 

I t  may at first sight seem surprising that trypsin 
apparently is able to affect the repulsive forces 
so that  de-adhesion occurs, for no cement appears 
to be present which it might  dissolve. However, 
as Seaman and Heard (22) and Heard and Sea- 

man (23) suggest, trypsin may affect the surface 
potential of a cell. 

I t  can thus be seen that the effects of various 
physicochemical conditions on the distance 
between cell and substrate are exactly those pre- 
dicted if van der Waals-London forces and elec- 
trostatic repulsive forces act between the surfaces 
to determine their adhesive nature (with the pos- 
sible exception of evidence from trypsin treat- 
ment). Although this view has been advanced on 
previous occasions (Curtis, 4, 5), experimental 
evidence in support of this mechanism has been 
lacking. 

This interpretation of the results applies, of 
course, only to cell-to-glass adhesion. It  is unclear 
at present whether a universal mechanism of cell 
adhesion exists irrespective of whether the sub- 
strate is another cell or a non-living structure. 
Berwick and Coman (24) suggest that cell-to-cell 
adhesion differs fundamentally from cell-to-glass 
adhesion, but  theoretical studies (4, 5) and prac- 
tical investigation of fibroblast adhesion (25, 26) 
imply that the two situations may be almost iden- 
tical as regards adhesive mechanism. 

Weiss (17) has proposed that, when adhesions 
between cells and their substrates are broken, 
the line of rupture may not always pass through 
the gap between plasmalemma and substrate, 
but that it will often run so that small portions 
of the cell are left on the substrate. No evidence 
for such a phenomenon has been found when the 
sites once occupied by cells have been examined 
(after their de-adhesion) by interference reflection 
microscopy. I t  is possible that the large shearing 
forces which Weiss used to remove his cells from 
the glass substrate tore the plasmalemma, thus 
leaving pieces of cell behind, whereas in the pres- 
ent work the only force applied to cause de- 
adhesion was the weight of the cell pulling under 
gravity. 

De-adhesion of cells, treated with trypsin or 
distilled water, took less than one minute. I 
have suggested (5) that if the 100 to 200 A gap, 
apparent from electron micrographs, extended 
over large areas of the contact between two ceils, 
then it would be expected, for mechanical reasons, 
that it would take ca. l0 s seconds for this gap to 
be increased from 100 A to 1000 A (for a contact 
area of ca. 300 #3) : this was termed the 'drainage '  
problem. However,  experimental observations 
show that de-adhesion is much more rapid. It  
seems that the reason for this rapidity of de-adhe- 
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sion lies in the fact tha t  only the edges of the cell 
come into the 100 A adhesion with the substrate. 
The  time for separation is proport ional  to the area 
of contact  and  to the inverse square of the distance 
of separat ion:  in consequence a small area of 100 
A adhesion accompanied  by a large area of ca. 
300 to 400 A gap can be separated to a distance 
of 1000 A m u c h  more rapidly than  a large area of 
100 A adhesion. Thus  it can be apprecia ted that  
the physical considerations involved in the rate 
of de-adhesion (and consequently adhesion) are 
not  contradicted by the experimental  results, 
and  indeed the rate of de-adhesion indirectly 
confirms tha t  only small port ions of the surfaces 
of these ceils can be as close as 100 A to the sub- 

strate. In addit ion,  this suggests tha t  the large 
regions of ca. 100 to 200 A gap seen between cer- 
tain cells in electron micrographs,  e. g. liver cells 
(27), which cells are easily dissociated by chelat-  
ing agents (28), may  be partial ly artefactual,  
an idea borne out  by the measurements  made  on 
osmium tetroxide fixed-cells. 
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